Purpose In Poland, coal is the main fuel used for heat production. Innovative clean coal technologies, which include underground coal gasification (UCG), are widely developed. This paper presents the analysis results of life cycle assessment (LCA) and material flow analysis (MFA) of using synthesis gas from UCG for heat production. The paper presents the results of a comparative analysis of MFA and LCA for four variants of heat production, which differed in the choice of gasifying agent and heat production installations. Methods Environmental analysis was made based on LCA with ReCiPe Midpoint and ReCiPe Endpoint H/A method, which allowed to analyse of different categories of the environmental impact. LCA was performed based on the ISO 14040 standard using SimaPro 8.0 software with Ecoinvent 3.1 database (Ecoinvent 2014). Umberto NXT Universal software was used to develop MFA for heat production. LCA analyses included hard coal from a Polish mine and synthesis gas obtained in the experimental installations in the Central Mining Institute in Poland. Results and discussion MFA performed for technology of utilizing gases from UCG have made it possible to visualize materials and energy flow between different unit processes in the whole technological chain. Moreover, the analyses enabled identification of unit processes with the largest consumption of raw materials, energy and the biggest emissions into the environment. It has been shown that the lowest environmental burden is attributed to the technology, which uses high-pressure chamber with gas turbine in which the synthesis gas from UCG is burned and oxygen was a gasifying agent. Analysis of LCA results showed that the major environmental burden includes greenhouse gas (GHG) emission and the fossil fuels depletion. GHG emission results primarily from the direct emission of CO 2 from gas combustion for heat production and electricity consumption used in gasifying agents preparation phase. Conclusions In order to increase the environmental efficiency of heat production technology using UCG, the most important activity to be considered is limitation of dust-gas emissions, including primarily CO 2 removal process and efficiency increase of the installation, which is reflected in the reduction of coal consumption. It is important to highlight that this is the first attempt of MFA and LCA of heat production from UCG gas. Since no LCA has ever been conducted on the heat production from underground coal gasification, this study is the first work about LCA of the heat production from UCG technology. This is the first approach which contains a whole chain of unconventional heat production including preparation stages of gasifying agents, underground coal gasification, gas purification and heat production.
Introduction
Technology of underground coal gasification (UCG) is regarded as one of clean coal technologies. UCG may provide an alternative to the conventional coal mining technology previously used in mines where deposits, due to technical and economic reasons, are not suitable to be exploited with traditional mining methods. Underground coal gasification technology, in comparison to other methods of processing this raw material for energy, is very attractive from the point of view of investment costs, as it does not require building expensive infrastructure. An additional advantage of UCG technology is its environmental aspect, such as the lack of solid waste (ash and slag) and lower emission of pollutants into the air (Kapusta and Stańczyk 2011; Kapusta et al. 2013; Smolinski et al. 2012; Smolinski et al. 2013 ). The scientific papers present an analysis of the aspects of UCG process impact on the environment, including major environmental problems such as pollution of groundwater. The product of the underground coal gasification is synthesis gas, which can be used in the production of heat, energy and in the chemical industry. The use of gas from UCG to generate electricity and heat arises mainly from its low calorific value. The calorific value of process gas depends on a number of factors, among others, the quality of coal and type of gasifying agents (Friedmann 2011) . Due to the costs, air or air enriched with oxygen is most commonly used for the gasification. In the case of coal gasification with oxygen only, the costs of the process significantly rise, yet gas with higher calorific value is obtained, but also containing higher levels of carbon dioxide. In the Central Mining Institute in Poland, UCG studies are carried out on a laboratory and pilot scale targeted to obtain gas with a high hydrogen content (Kapusta and Stańczyk 2011; Smolinski et al. 2012; Smolinski et al. 2013) . Detailed description and an overview of the underground coal methods and application possibilities of this technology are shown in the papers (Yang et al. 2008; Liu et al. 2009; Olateju and Kumar 2013; Żogała 2014; Janoszek et al. 2013) . The composition of the gas from UCG differs depending on the type of gasified coal, gasifying agent used, the existing pressure and temperature. In order to use the resulting synthesis gas derived from UCG to produce heat, it must be purified ). The gas from underground coal gasification, in spite of low calorific value can provide alternative fuel gas, the conversion of which in the combustion chamber allows a stream of heat to be generated. This heat can be used for heating purposes, hot water production, or be converted to the form of electricity in the steam turbine system . Scant attention is paid to the environmental aspects of UCG use towards the heat production in subject literature. Environmental, technical, and economical analysis of coal gasification processes was shown by Man et al. (2014) . In recent years, life cycle assessment for heat and energy systems has been widely studied (Zarębska and Dzikuć 2013; Lewandowska et al. 2015; Pang et al. 2015; Ghafghazi et al. 2011) . In literature, life cycle inventory of electricity production was presented by Dubreuil (2001) and energy consumption in steel production were published by Bieda (2011 Bieda ( , 2012a and Burchart-Korol (2013a) . However, so far, there is a lack of papers related to the analysis of LCA for heat production from UCG. In the reference literature, there are a few papers on life cycle assessment of the process of underground coal gasification to produce electricity, and it has been demonstrated there that underground gasification technology is effective and there is low environmental impact (Saliyeva et al. 2014; Hyder et al. 2014; Ag Mohamed et al. 2011; Blinderman 2004; Blinderman and Jones 2002; Hyder et al. 2012) . Hyder et al. (2014) demonstrated that the technology for the production of electricity using underground coal gasification is characterized by lower greenhouse gas emissions, as compared to conventional coal combustion. In the paper Torres et al. (2014) , it has been found that efficient sustainable management of underground coal gasification process is possible to be accomplished. Previous results of LCA assessments for underground coal gasification for electricity production presented in the reference literature refer only to the emission of greenhouse gases. MFA of electricity production on the basis of the underground coal gasification to date was presented in the paper (Czaplicka-Kolarz et al. 2014a) . MFA enables visualization of materials and energy flow and an identification of the unit processes with the highest consumption of raw materials and energy, and emissions of pollutants into the environment. Until now, the authors evaluated LCA and eco-efficiency of coal gasification technologies for electricity production system (Burchart-Korol et al. 2013; Czaplicka-Kolarz et al. 2014b ). So far, there are no papers in the subject literature concerning LCA of heat production from UCG, scarce literature refer only to LCA analysis of electricity production and mainly focus on the greenhouse gases emissions.
The objective of this paper was to assess the potential environmental impact of heat production technology from gas obtained from underground coal gasification using MFA and LCA technique. This article for the first time presents MFA and LCA analysis results. In this paper, the results of analysis for four scenarios of heat production, based on coal gasification process, have been shown.
Materials and methods

Goal and scope of analysis
The purpose of this paper was MFA and LCA analysis of heat production technology from underground coal gasification: from gasifying agents preparation, coal gasification, through purification of gas obtained from UCG to the stage of heat production. Comparative analyses were performed of four scenarios depending on the type of gasifying agents (oxygen, air) and the installations of gas combustion (boiler, turbine). For comparison purposes, all analyses were related to the same functional unit. The function of the system is heat production from UCG. The functional unit was 1 GJ of the produced heat. The system boundary comprises all unit processes from the preparation of gasifying agents, through coal gasification, gas purification to obtaining the heat (Fig. 1 ).
Data inventory
To perform MFA and LCA analyses of considered scenarios of heat production from underground coal gasification, mainly the data from experiments and tests carried out in Poland within the framework of the national project: BDevelopment of coal gasification technology for high production of fuels and energy^funded by the National Center for Research and Development under the Strategic Programme for Research and Development titled: BAdvanced energy generation technologies^were used. On the basis of this data, a model layout for heat production using underground coal gasification was developed. So far, there have been no analytical results published in reference literature concerning the production of heat from UCG. LCA analyses take into account data on national coal and synthesis gas obtained in experiments by the Central Mining Institute (Stańczyk 2015) . In accordance with the project guidelines, two types of synthesis gas combustion installations were used. The analysis was performed for the power of 50 MW t , for the two devices, in which gas from UCG can be burned: for a chamber, in which fuel is burned under atmospheric pressure (boiler), as well as for high-pressure chamber with gas turbine (turbine). Detailed description of the analysed solutions is presented in the papers Gil and Mocek 2013) . The operation of these installations is related to heat losses. Part of the heat supplied to the combustion chamber in the form of fuel is used for the production of steam, this is the so-called usable heat, the rest constitutes a loss. The most significant heat loss is the chimney loss. MFA and LCA analyses were performed for two types of gas derived from hard coal gasification with parameters provided in Table 1 . The parameters of synthesis gas taken into consideration in the analyses are presented in Table 2 . Process gas G1 was formed during hard coal gasification, where air formed the gasifying agent. The process gas G2 was formed by coal gasification, where the gasification factor was oxygen. Table 3 shows the characteristics of the analysed scenarios. A life cycle inventory (LCI) of each scenario of heat production is shown in Table 4 , where the CK means gas combustion in the boiler while CT stands for gas combustion in the turbine.
All raw materials, fuel and additives, and electricity required to operate the processes were considered in the system boundaries, while intermediate products (internal flow) were excluded from the analysis. LCA included all external data used in the heat production process, the emissions and wastewater.
MFA method
MFAs consisted in developing models of material flow network using Umberto software, on the basis of which Sankey diagram was developed. Material flow networks consist of transitions, places and arrows. Graphic forms of the elements are presented in Fig 
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Gasifying agent Purified gas Raw gas System boundary Fig. 1 The system boundary of heat production based on UCG that enters a given system from the environment/outside. Output is everything that leaves the system and goes outside to the environment. Input and output are the places which link the system with the environment. In flow networks, connections are presented as two concentric circles. Connections are located between transitions, they are Bbuffers/reserves^, which are successively used and replenished by the flow. They link individual unit processes in an analysed system if there is no storage stage between the unit processes. The output of one unit process is matched by the input of another unit process, or unit processes. & Arrows-they connect places and transitions, building the structure of a material and energy flow network. They show the flow, and how much material and energy is transported between places and transitions.
LCA method
Attributional life cycle assessment (LCA) was used to assess the potential environmental burdens of the analysed scenarios for heat production. The LCA was conducted following the requirements of the ISO 14044:2006 International Standards. The four stages of the LCA applied in the paper included goal and scope determination, system boundary analysis; inventory analysis of inputs and outputs; life cycle impacts assessment; and interpretation. The life cycle assessment was carried out using the LCA software package SimaPro v.8.0 (Pre Consultants B.V) and the Ecoinvent 3.1 database (Ecoinvent 2014) within the program. The study performed an environmental evaluation according to the ReCiPe method. The results of the LCIA methods were calculated and the main sources of environmental burdens were identified. The primary objective of the ReCiPe Midpoint and ReCiPe Endpoint H/ A method (Goedkoop et al. 2013 ) is to transform the long list of life cycle inventory results presented in a study into a limited number of indicator scores, which express the relative severity of an environmental impact category. In ReCiPe, the indicators are determined at two levels with 18 midpoint indicators and three endpoint indicators. ReCiPe method allows for a quantitative assessment of the greenhouse gas emission, human health, resource consumption and other impact categories. The basic structure of the impact assessment method is comprised of characterization, damage assessment, normalization and weighting, the last three of which are optional according to the ISO standards. In this study, the LCIA (life cycle impact assessment) phase includes mandatory and optional elements.
3 Results and discussion
Results of material flow analysis
The MFA application allowed for the development of material flow network of heat production from UCG (Fig. 3) . On the basis of the developed network model, flow analyses were performed in the form of Sankey diagrams for all analysed scenarios, so that inventoried input and output data converted into functional units are presented. Table 5 shows the main inventoried data for individual scenarios.
Figures 4, 5, 6, and 7 present material flow analysis (MFA) in the form of Sankey diagrams for the four model scenarios of using gas from UCG for heat converted into the functional unit, taking into account the unit processes:
Phase 1-preparation of gasifying agents Phase 2-underground coal gasification Phase 3-purification of gas from gasification Phase 4-synthesis gas combustion for heat production Based on the MFA results have been shown that CKG2 variant is characterized by the highest consumption of electricity. Variants, in which a turbine was used for heat production, are characterized by lower values of CO 2 emissions. In variants in which G1 gas (gasifying agent-air) was used for the heat production, the coal consumption was much greater than in the case of G2 gas (gasifying agent-oxygen). Among the analysed technologies, the most considerable electricity consumption occurs in scenarios where the gasifying agent was oxygen, which is related to the preparation of the gasifying agents. Unit consumption of G2 gas is much lower than in the case of using G1 gas, it is associated with a high calorific value of G2 gas, which is 8 MJ/ m 3 . Such high calorific value of gas is due to the use of oxygen as a gasifying agent.
Results of life cycle assessment
This is the first study to express heat production from UCG in terms of LCA. On the basis of the LCA analysis using ReCiPe Midpoint method for the model gas systems from UCG for heat production, environmental indicators were obtained in each impact category, as shown in Table 6 .
On the basis of the characterization results, it cannot be specified in which categories the impact should be considered as significant, nor compare indicators for the various impact categories. Therefore, the next stage of the LCA analysis was normalization, which resulted in the relative significance of the environmental impact category compared to the impact of this type occurring in Europe. The results of LCA of analysed scenarios in normalization phase according to ReCiPe Midpoint method are shown in Table 7 .
It was found that the most significant impact categories in the case of the analysed heat production technology systems based on the underground coal gasification includes fossil depletion, climate change, terrestrial acidification, human toxicity, freshwater eutrophication, freshwater ecotoxicity, marine ecotoxicity, particulate matter formation and photochemical oxidant formation. The next stage of the LCA was weighting of results. A set of indicators given in Table 8 was adopted. Table 9 shows the main factors that affect the various damage categories in accordance with the ReCiPe Endpoint H/A method.
Analysis of the results after normalization and weighing shows that total environmental indicator ReCiPe 2008 is affected mainly by the indicators in the category of greenhouse gas emissions and the depletion of fossil fuels. Emission of greenhouse gases is the impact category with the highest indicator for all the analysed variants, which in the case of the analysed technologies is connected primarily with CO 2 emissions. Fig. 3 A model of the heat production technology from UCG gas Higher emissions of GHGs were found in the boiler rather than turbine gas combustion technology. This is primarily due to lower unit CO 2 emissions for the variants where the gas turbine has been used. The highest consumption of fossil fuels was found in the variants, where G1 gas is used for heat production whereas the lowest in variants in which G2 gas is burned. Higher consumption of fossil resources occurs in gas combustion technology using the boiler rather than turbine for G2 gas, while for G1 gas the situation is reversed, but the difference amounts to only 3.26 kg oil eq. After the stage of normalization and weighting of the obtained results it was found that the lowest total value of the environmental impact indicator takes place in CTG2 variant, and the highest in CKG1. By comparing the indicators with respect to the combusted gases G1 and G2, it has been shown that the gas of lower calorific value G1, where air is gasifying agent, has the highest influence on the environment. In the case of heat production technology, where gas G1 was used, the highest unit consumption of coal and the highest consumption of purified gas was found. By comparing the environmental burden of the technology utilizing gases for heat production by means of different installations, it has been shown that the gas combustion systems with the use of a turbine have a lower impact on the environment in all impact categories. This is primarily due to lower unit coal consumption, lower unit consumption of synthesis gas and lower CO 2 emissions than in the situation when the boiler was used. There was also much lower heat loss which increases the efficiency of the process.
Results of LCA analyses showed that the CKG2 variant is harmful to the environment to the greatest extent in all impact categories except for the impact of fossil fuels consumption. The results obtained for other variants are comparable, yet only in the case of the category-fossil fuel consumption, there are significant differences depending on the gasifying agent used. LCA analysis results obtained using weighting and normalization reflect the results obtained in the analysis of MFA. It has been shown that the least burden to the environment has CTG2 variant (gasification with oxygen, the turbine).
Additionally comparative assessment for heat production from natural gas and coal heating system was performed. Figure 8 shows the results of comparative LCA of heat production from UCG, natural gas and coal heating The LCA analysis showed that Scenario CKG1 had a greater environmental impact than the other scenarios, natural gas and coal heating system. It was found that in the case of heat production from coal the highest impact on the environment occurred in the category of human health and in the case of heat production from natural gas the highest impact on the environment occurred in the category of resources. It also appeared that heat production from natural gas had a less impact than the other scenarios. An analysis of sensitivity using LCA methodology was carried out-the perspective of evaluating adverse effects on the environment arising from the installation life cycle. LCA stages of normalization and weighting, the performance of which is necessary to obtain a single eco-indicator, there is uncertainty of the results. Uncertainty is associated with weighting the damage impacts associated with human health, ecosystem and the use of resources. These weights are selected by an expert method, thus representing the views of science representatives concerning which environmental issues are considered the most important-protecting human health, species diversity and conservation of natural resources for future generations. There are three groups of weighting indicators based on a system of three averaged values of archetypal personalities:
Sets of normalization and weighting coefficients, created in this way, take into account the different points of view and can be used to analyse the sensitivity of the results. Taking into account different sets of coefficients in the sensitivity analysis helps to reduce uncertainty. As a default, in the analysis of the life cycle it is recommended to use hierarchist perspective (H/ A), which takes into consideration mechanisms, models and the impacts widely accepted in the world. LCA analyses of model systems using UCG gas, the hierarchist perspective (H/ A) was used. Figure 9 shows the results of a sensitivity analysis of the obtained indicators ReCiPe 2008 depending on the adopted perspective of evaluation: E/A, H/A, I/A. Brief characteristics of perspectives allow to understand their potential impact on the environmental impact assessment (Table 10) :
& Individualists (I/A) pursue a Bbusiness as usual^scenario, accept only those restrictions which have a sound scientific basis, they are science and society oriented, prefer a short-term perspective over the long-term one, and nonintervention policy with respect to nature. & Egalitarian attitude (E/A) is opposed-they are characterized by caution, in the case of doubt they take into account the potential impacts, they do not accept scientific and political organizations advice, nor the attitude that future problems can be avoided-they use long-term perspective. This attitude describes to the fullest extent possible burden, yet it is marked with very high uncertainty. & The hierarchists (H/A) perspective is the result of a compromise between the perspective of individuals and egalitarian attitude.
The sensitivity of the obtained results on the assessment perspective is high. The impact on the environment assessed from the egalitarian perspective is the highest-in this case, the assessment model takes into account all substances that can potentially contribute to environmental pollution. The environmental assessment from the perspective of individuals gives, in turn, the lowest indicators of environmental impact, because in this case the assessment model ignores all substances which activity has not been proved, and also assigns less weight to the use of resources, according to the assumption that the problem of resource depletion will be resolved in the future thanks to new technologies. Despite the fact that the differences in the obtained results are large, they have no significant effect on the comparison of the different variants of the technological chains of gasification process. The same variants have the lowest or the highest impact on the environment in each group of variants, regardless of the assessment perspective.
Conclusions
1. Since no LCA has ever been conducted on the heat production from underground coal gasification, this study is the first work about LCA of the heat production from UCG technology. 
2.
The results of LCA and MFA for the heat production from underground coal gasification have been presented in the reference literature for the first time. 3. Carried out MFA analyses for the technology aimed at using gases from underground coal gasification enabled the visualization of material and energy flows between particular unit processes in the entire technology chain and the identification of the unit processes characterized by the highest consumption of raw materials and energy and the biggest emissions into the environment. 4. Environmental analysis using LCA technique of model technology systems using gases obtained from the underground coal gasification allowed the evaluation of the potential environmental burdens in the technology life cycle 5. The analysis of LCA results showed that the total indicator is affected mainly by the indicators in the category of greenhouse gas emissions and the depletion of fossil fuels. Greenhouse gas emission is primarily due to the direct emissions of CO 2 from gas combustion for heat production and from electricity consumption. In the case of gasification, where oxygen is the gasifying agent, the consumption of fossil fuels is more than two times lower than in the case of gasification with air. 6. The analysis of LCA has shown that the lowest environmental burden is characteristic for combustion technology of synthesis gas in a high-pressure chamber using a gas turbine, where oxygen was a gasifying agent. The gas turbine is a recommended installation to be used in the case of utilizing UCG gases with a view of heat production, taking into consideration the lowest environmental burden during the technology life cycle.
7.
The analyses made so far will be used to investigate ecoefficiency of heat production technology using underground coal gasification. 8. Development of the life cycle inventory (LCI) of underground coal gasification technologies will be the direction for future research.
Recommendations and perspectives
1. In order to increase environmental efficiency of heat production technology using UCG, the most important operation should be considered the reduction of dust and gas emissions, including in particular the process of limiting carbon dioxide emissions and increasing the overall efficiency of the installation, which is reflected in lower coal consumption. 2. Prospective research will include the development of work related to the analysis of environmental efficiency using LCA technique for the complex heat production systems from UCG. Subsequent analyses will also involve economic aspects and eco-efficiency analysis of heat production technologies from UCG.
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